INTRODUCTION
Dungeness crab, Cancer magister Dana, 1852, inhabit coastal waters from Magdalena Bay, Mexico to the Pribilof Islands, Alaska (Jensen and Armstrong, 1987) . Annual growth and reproductive cycles vary temporally throughout this range; mating occurs between hard shelled males and newly molted soft shelled females (MacKay, 1943; Butler, 1960; Snow and Nielson, 1966) . Molting frequency decreases during development, with juveniles molting 6 to 9 times during their first year and 2 to 5 five times during their second year (Wainwright and Armstrong, 1993) . Sexual maturity is attained at 90-100 mm carapace width (CW) followed by annual molting and mating events (Hankin et al., 1989) . In Californian waters, molting probabilities are near 1 for females less than 140 mm CW and decreases to near zero for females larger than 155 mm (Hankin and Xue, 1996) . Similarly in Alaskan waters, adult female crabs molt annually until reaching a CW of 130-135 mm followed by a decrease in molting probability to near zero when CW is greater than 150 mm (Lehman and Osborn, 1970; Koeneman, 1985) . Tag and recovery studies in Glacier Bay, Alaska confirm non-annual molting by 81% of recaptured adult females; larger females molted every other year (Swiney et al., 2003) .
In Alaskan waters, the primary molting and mating period is thought to occur from June through November, however animals have been observed in pre-copulatory embraces in all months except February (Stone and O'Clair, 2001; Swiney and Shirley, 2001) . This large variation in the timing of molting could be explained by differing reproductive classes, with smaller (,118 mm) females molting between August and April and larger females molting between May and December (Stone and O'Clair, 2001; Swiney and Shirley, 2001) . Larger females remain capable of producing consecutive clutches without molting annually by fertilizing oocytes with sperm stored in spermathecae (Hankin et al., 1989; Swiney and Shirley, 2001) .
Previous methods employed to assess the probability of molting for individual crabs include rating of shell condition (Somerton and Macintosh, 1983) , tag and recovery (Hankin et al., 1989; Swiney et al., 2003) , observations of setal morphogenesis (Lyle and MacDonald, 1983) and quantification of molting hormones (ecdysteroids) circulating in crab hemolymph (Chang and Bruce, 1980; Tamone et al., 2005) . The latter method of hormone analysis has been used to characterize molting events in many crustaceans (Subramoniam, 2000) , however has not been used in premolt determination for Dungeness crab.
Ecdysteroids are a group of polyhydroxylated ketosteroids that are present in all arthropods and function to regulate growth (Hampshire and Horn, 1966) . Ecdysone is synthesized in the Y-organs, released into the hemolymph and converted into active 20-hydroxyecdysone (20-HE) by peripheral tissues (Chang and O'Connor, 1977) . Ecdysone promotes the physiological changes associated with molting. The synthesis and release of ecdysteroids is under inhibitory control by the neuropeptide molt-inhibiting hormone (MIH), which is produced by the X-organ sinus gland complex in the eyestalks (Soumoff and O'Connor, 1982) , and stimulatory control by methyl farnesoate (MF), a sespiterpenoid compound which is produced in the mandibular organs (Borst et al., 1987; Tamone and Chang, 1993) .
Concentrations of ecdysteroids circulating in hemolymph are typically low during intermolt, increase significantly during premolt and decline drastically just before molting (Chang and Bruce, 1980) . The temporal and physiological connection between molting and reproduction in Dungeness crabs is unclear. While females must be in a soft-shelled condition to mate, the storage of sperm enables fertilization of a second clutch of oöcytes to occur without molting and mating again. The role of ecdysteroids in crustaceans is primarily to control molting, however ecdysteroids are also sequestered in the ovary during vitellogenesis and embryogenesis implying an additional role during reproduction. Ecdysone, 20-hydroxyecdysone, and ponasterone A (free and conjugated ecdysteroids) are present in Dungeness crab embryos (Okazaki and Chang, 1991) , and may serve as morphogenetic hormones controlling development or as an elimination pathway, although the specific function is unclear (Subramoniam, 2000) . This paper presents results on circulating ecdysteroid concentrations, measured via an enzyme-linked immunosorbent assay (ELISA) that was validated for Dungeness crabs, during intermolt and premolt periods. This information provides a better understanding of the physiological process of molting as well as probability, timing, and frequency of annual growth cycles for female Dungeness crabs in Alaskan waters, the northern range limits for this species.
MATERIALS AND METHODS
Adult female Dungeness crabs were collected in commercial crab pots from Port Frederick, in southeastern Alaska (lat. 58.28N, long. 135.48W) in July, 2003 and May, June, and July, 2004 . Crab pots were set at 5 to 25 m depths with 24 hour soak times. During the May, 2004 collection, SCUBA divers collected all female crabs encountered along transects in the vicinity of the pots at depths between 4 and 25 m. Data collected included: CW (excluding the tenth anterolateral spine), abdominal width (notch between fourth and fifth abdominal segments), shell condition (soft shelled, new shelled, old shelled, very old shelled; (Shirley and Shirley, 1988) , and pleopod condition (matted or blackened). Additionally, hemolymph (1 ml) was removed from the base of a walking leg from each female. During the May, 2004 collection, 48 female crabs were transported to captive flowthrough tanks at the Alaska SeaLife Center in Seward, Alaska (n ¼ 29) and the Juneau Center, University of Alaska Fairbanks, Juneau, Alaska (n ¼ 19). Holding tanks for all crabs received unfiltered seawater from 100 m depth in Resurrection Bay at the Alaska SeaLife Center and filtered seawater from 30 m depth in Auke Bay at the Juneau Center. Water temperatures in the tanks were equal to ambient bay water; photoperiod varied between indoor and outdoor tanks, however no significant differences in premolt length or molt timing were observed. Crabs were fed an assortment of Pacific herring (Clupea pallasii), capelin (Mallotus villosus), squid (Loligo opalescens), razor clam (Siliqua patula), and krill (Euphausia superba) ad libitum twice weekly. Every two weeks, each crab was weighed and hemolymph (0.5 ml) was sampled and stored at À808C until assayed for ecdysteroids by a specific ELISA.
An induced molting study was initiated in August, 2004 with 5 intermolt females through X-organ removal via bilateral eyestalk ablation; hemolymph (0.5 ml) was sampled from eyestalk ablated crabs weekly.
All hemolymph samples were extracted in 75% methanol and centrifuged (12,000 rpm 3 10 min.). The supernatant was evaporated to dryness and reconstituted in assay buffer (AB; 25 mM sodium phosphate, 150 mM sodium chloride, 1 mM EDTA, 0.1% gelatin, pH 7.5) to a final dilution of 1:40. Extraction efficiency of 78% was determined by adding tritiated ecdysone to hemolymph prior to the extraction procedure. Counts were measured using LS 6500 Multi-Purpose Scintillation Counter (Beckman Coulter, Fullerton, CA).
Ecdysteroids were measured using an ecdysteroid ELISA (Kingan, 1989) modified for decapod crustaceans (Tamone et al., 2005) . The ELISA was validated for extracted hemolymph samples diluted from 1:20-10,000. ELISA plates (96-well, flat bottomed, Costar) were incubated overnight at 48C with 90 ll goat-antirabbit serum and then blocked with buffer (AB, 0.002% sodium azide). Wells were washed three times (Dynex Ultrawash Plus Plate Washer, Chantilly, VA) with phosphate buffered saline (PBS: 10 mM sodium phosphate, 150 mM sodium chloride, 0.05% 20-Tween, pH 7.5). Samples (50 ll) of standard 20-HE (Sigma) or crab hemolymph dilutions were incubated with primary antiserum (50 ll; 1:100,000) and horseradish peroxidase conjugated-ecdysone (50 ll; 1:1000). Plates were incubated overnight at 48C and later washed in PBS (3 3 2 min.). Color development was initiated by adding tetramethylbenzidine (TMB) peroxidase substrate solution at room temperature (100 ll; KPL). After 15 minutes of agitation on an orbital shaker, phosphoric acid (100 ll, 1.0M) was added to halt color development. Optical density was measured at 450 nm using an automated plate reader (Dynex MRX Revelation Microplate Reader, Chantilly, VA).
Extracted female hemolymph samples were serially diluted and exhibited parallel displacement to the standard curve. Recovery of 20-hydroxyecdysone standard added to pooled female hemolymph (range 16-500 fmol/well) was 96.2% (SD ¼ 14.7; CV ¼ 15.3%; y ¼ 1.008x À 2.25; R 2 ¼ 0.99). Precision of inter-assay coefficients of variation for two internal controls were 12.0% and 19.7% (n ¼ 77 assays). Intra-assay coefficients of variation were , 10%. Sensitivity of the assay was 4 ng/ml.
All morphometric data and hormone concentrations are reported as mean 6 SEM. Data were analyzed using a one-way ANOVA and Tukey Test (SigmaStat 2.03).
RESULTS
Forty-eight female crabs retained for captive repeat sampling had a mean CW of 134.8 6 1.4 mm, with a range of 113-153 mm, upon capture. The mean abdominal width was 37.1 6 0.6 mm. Most of the captive crabs had old shells (98%), the remaining were new shelled. At time of capture, 46% were ovigerous, 40% had blackened or matted pleopod setae, and 14% possessed clean pleopods.
Between May and December, 2004, 66 .7% of the captive females molted with peak molting occurring in November (Fig. 1) . None of the females that molted subsequently extruded eggs; however, no males were available for postmolt copulation. 6.7% of the females extruded eggs without molting, and the remaining 26.6% neither molted nor extruded eggs.
Circulating ecdysteroid concentrations in premolt crabs during captivity varied between 4.2 and 1886.5 ng/ml (Fig. 2) . Intermolt hemolymph ecdysteroid concentrations in non-molting females were 20.3 6 0.7 ng/ml. Early premolt concentrations of 90 ng/ml differed statistically from intermolt values (ANOVA, P 0.0001; Tukey's Test, P , 0.05) and were detected 150 days before molting. Ecdysteroid concentrations peaked at 1886.5 6 186.2 ng/ml 15 days before molting. A precipitous decline to low concentrations (,90 ng/ml) occurred prior to molting.
Females sampled and released in the field during July, 2003 and May, June and July, 2004 had mean CW of 160.6 6 0.3 mm, ranging from 122 to 188 mm. The mean abdominal width was 47.1 6 0.2 mm. A majority of the females sampled in Port Frederick in 2003 and 2004 were either old or very-old shelled and had brooded eggs since the previous molt (Table 1 ). The hemolymph ecdysteroid concentrations for crabs sampled in Port Frederick implies that greater than 97.5% of the crabs sampled were in intermolt (Fig. 3) . The mean ecdysteroid concentration in female crabs classified as being in intermolt was 22.9 6 0.7 ng/ml.
In the 3 months following eyestalk ablation, hemolymph ecdysteroid concentrations remained at intermolt concentrations (mean 21.9 6 7.4 ng/ml) for 4 of 5 crabs. The 4 crabs with low ecdysteroid concentrations extruded eggs 90 6 7.4 days post-ablation. The ecdysteroid concentration in the fifth crab was 74.8 ng/ml when ablated, and increased to 2591 ng/ml 48 days before molting. Ecdysteroid concentrations subsequently declined gradually, rather than precipitously, until ecdysis occurred 167 days after eyestalk ablation.
DISCUSSION
Dungeness crab ecdysteroid concentrations followed the same molt cycle profile as demonstrated in other crustaceans. Basal concentrations were low during intermolt, increased 100-fold by late premolt and sharply declined before ecdysis to postmolt concentrations. The duration of premolt was longer than noted from earlier studies with early premolt ecdysteroid concentrations present 150 days before ecdysis. This could be due to slower metabolic processes of crabs near the northern range limits for this species. The duration of premolt in adult female Californian Dungeness crabs is 84 days as measured by setal morphogenesis (Miller and Hankin, 2002) . The duration of the Alaskan Dungeness crab premolt is lengthy in comparison to other crustaceans, such as the northeastern Atlantic adult female lobster Homarus americanus 50 day premolt Fig. 1 . Molting activity of female Dungeness crabs (n ¼ 48) maintained in captivity. Crabs were collected in Port Frederick, Alaska. Peak molting occurred in November. Fig. 2 . Ecdysteroid concentrations (mean 6 SEM) for molting female Dungeness crabs (n ¼ 29) maintained in captivity. Crabs (n ¼ 48) were collected in Port Frederick, Alaska. Determination of premolt condition based on circulating ecdysteroids permits molt projection 150 days before ecdysis. (Chang, 1985) , the salt marsh and mud flat fiddler crab Uca pugilator 22 day premolt (Hopkins, 1983) , and the coastal southeastern United States blue crab Callinectes sapidus 12 day premolt (Soumoff and Skinner, 1983) .
We found that 66.7% of the smaller (134.7 mm CW) captive females molted during an annual cycle, which supports the findings that not all female Dungeness crabs molt and reproduce annually (Swiney et al., 2003) . These smaller females were one or two molt increments smaller than crabs sampled in the field during this study (160.6 mm CW), and thus had a higher probability of molting (Lehman and Osborn, 1970) . In these smaller captive crabs, ecdysis occurred in autumn (Fig. 1) , near or after typical egg extrusion has been observed in Alaska Dungeness crabs. Furthermore, vitellogenesis was absent or incomplete (as determined by dissection) in all ecdysial crabs, leaving little time for oöcyte maturation and egg extrusion. Consequently autumnal ecdysis precluded ovarian maturation for twothirds of these adult female crabs. Based on the physical condition of the pleopods at time of capture, 86% of the females had brooded eggs since their last molt. Additionally, at time of capture 98% were classified as old shelled and therefore had not completed the annual molt before the date of capture. Thus, the probability of annual molting events was high since very old shelled females are uncommon in this size range (Lehman and Osborn, 1970) . These data strongly support a non-annual growth and reproductive strategy.
As expected, the likelihood of molting for the larger field sampled crabs was extremely low, with less than 3% of large females in premolt in 2003 (161.4 mm mean CW), and 2% in premolt in 2004 (159.5 mm mean CW) . This indicates either a skip-molt strategy by the majority of large adult females, the possibility of senescence, or geographic separation of molting and non-molting animals. Further field sampling of hemolymph ecdysteroids of smaller crabs ranging from 100 to 150 mm CW during the premolt months of May to November is needed to better refine the molting probabilities and our understanding of the life history of adult female Dungeness crabs in Alaskan waters.
Eyestalk ablation of non-ovigerous female crabs during intermolt suggested that molt induction through eyestalk ablation is dependent upon the reproductive state of the crab. Only one of the five mature female crabs entered premolt, while the other four extruded eggs and maintained low intermolt ecdysteroid levels. Of interest is the 167 day period between eyestalk ablation and molting for the single induced molting crab, which is similar to the 150 day premolt period observed in the naturally molting captive crabs. The removal of the X-organ and eradication of molt inhibiting hormone (MIH) typically induces premolt, but other factors such as crustacean hyperglycemic hormone, methyl farnesoate (MF), xanthurenic acid, calcium, and vitellogenesis inhibiting hormone have been implicated in regulation of ecdysis and reproduction (Borst et al., 1987; Mattson and Spanziani, 1987; Naya et al., 1989; Webster, 1993) . For example, the sesquiterpenoid hormone, MF, which is synthesized in the mandibular organ and under direct control of a sinus gland neuropeptide (Borst et al., 1988) , has regulatory control of ecdysteroid synthesis in the Y-organ (Tamone and Chang, 1993) and its increase upon eyestalk ablation may account for induction of ecdysteroids in ablated animals (Chang and Bruce, 1980) . However, the regulatory relationship between MIH, MF and ecdysteroids remains uncertain. Growth and reproduction are competitive physiological processes in the utilization of energy reserves, thus the reproductive state of a female crab may influence the molt cycle as reported for the American lobster Homarus americanus, where the molt interval was lengthened 130 days for females undergoing reproductive vitellogenesis (Chang, 1985) . Under normal conditions in the American lobster, if a female enters premolt (D 1 ) while undergoing vitellogenesis, molting takes precedence and yolk proteins are resorbed (Byard and Aiken, 1984) . The same is true of the brachyuran crab, Metapograpsus messor (Sudha and Anilkumar, 1996) . Dissimilarly, the mole crab, Emerita asiatica exhibits a biphasic hemolymph ecdysteroid increase, the first gradual increase during ovarian development and the larger second during premolt typical of crustaceans (Gunamalai et al., 2004) . This biphasic ecdysteroid increase was not observed in Dungeness crab. Our findings further accentuate the complexity and variability of the annual growth and reproductive cycles for Dungeness crabs in Alaskan waters. However, the capability to predict ecdysis 150 days premolt by measuring ecdysteroid concentrations provides a useful tool for further refinement in our understanding of the transition from annual to non-annual growth and reproduction between smaller (100 mm CW) females to the larger (160 mm CW) highly fecund mature female crabs. This technique could also be useful in assessing molting probabilities in commercially important male Dungeness crabs.
